We have examined the molecular epidemiology of the leafhopper-borne maize rayado fino virus (MRFV) in Latin America. The coat protein gene and 3h non-translated region of 14 isolates of MRFV collected from Latin America and the United States were sequenced and phylogenetic relationships examined. The nucleotide sequence revealed remarkable conservation, with a sequence similarity of 88-99 %. Phylogenetic analysis of sequence data obtained from a 633 bp fragment showed that
Introduction
Maize rayado fino virus (MRFV), the type member of the marafivirus group of plant viruses which also includes oat blue dwarf virus (OBDV) and Bermuda grass etched-line virus, is the only known indigenous virus of maize in Meso America (Ga! mez, 1969 (Ga! mez, , 1980 Ga! mez & Leo! n, 1983 , 1988 . MRFV, which appears to be restricted to the Americas, is widespread and becoming increasingly important in tropical areas (Bradfute et al., 1980 (Bradfute et al., , 1981 Ga! mez, et al., 1979 ; Kogel et al., 1996) . It is transmitted in a persistent manner by leafhoppers of the genus Dalbulus ; D. maidis is the main vector, although other leafhoppers experimentally transmit the virus (Nault et al., 1980) and the distribution of the virus overlaps the distribution of its insect vector. Both the virus and vector have narrow and overlapping host ranges and under widely dissimilar environments, MRFV and D. maidis may cause epidemics (Ga! mez & Saavedra, 1986 ; Nault et al., 1980) . MRFV often occurs in field infections associated with mollicutes (corn stunt spiroplasma and maize bushy stunt phytoplasma) which are transmitted by the same vector (Ga! mez & Leo! n, 1985) . MRFV has diverged into three main clusters, i.e. the geographically distinct northern and southern isolates and the Colombian isolates. Significant differences between the isolates collected from Colombia, previously named maize rayado colombiana virus, based upon differences in symptomatology and serological relationships to MRFV, and the other MRFV isolates, provides additional evidence supporting its designation as a unique strain of MRFV.
MRFV has small isometric particles containing a singlestranded, monopartite, positive-sense RNA genome of molecular mass 2n0-2n1i10' Da which lacks a terminal VPg and 3h poly(A) tail (Leo! n & Ga! mez, 1981) . In addition, it replicates in its insect vector (Rivera & Ga! mez, 1986) . The viral capsid is composed of two serologically related proteins of molecular mass 22 and 28 kDa which contain common peptide sequences (Falk & Tsai, 1986) . No previous available genetic information of MRFV exists in the literature ; however, the nucleotide sequence of OBDV has recently been published (Edwards et al., 1997) .
MRFV was first recognized in Costa Rica and El Salvador and has since been detected in all Central American countries, Mexico, Colombia, Peru, Venezuela, Brazil, Bolivia, Uruguay, and the southern part of the United States (Bradfute et al., 1980 ; Ga! mez, 1969 ; Ga! mez et al., 1979 ; Gingery et al., 1982 ; Kogel et al., 1996 ; Nault, 1983) . MRFV and D. maidis occur over a wide range of ecological conditions and vegetation zones, from sea level to 3000 metres. These zones differ in annual mean temperature, amount and seasonal distribution of rainfall, light intensity, soil conditions and physiography. Only preliminary information is available about the existence of strains of MRFV. The Brazilian corn streak virus (Kitajima et al., 1976) and maize rayado colombiano virus (Martı! nez-Lo! pez, 1977 ; Martı! nez-Lo! pez et al., 1974) are serologically related to, but distinguishable from, MRFV, and are perhaps strains of the same virus (Ga! mez, 1980 In this study, we examined the phylogenetic relationships among 14 isolates of MRFV obtained from geographically distinct regions of Latin America.
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Methods
Sampling. Maize leaf samples exhibiting symptoms of MRFV were collected and preserved from eight Latin American countries during August-December 1992 (Kogel et al., 1996) . Earlier samples of the Costa Rican isolates of MRFV were collected from the Alajuela and Guapiles regions and were maintained by insect transmission at CIBCM. A sample of the United States isolate collected in the Rio Grande valley of Texas in 1976 by Bradfute et al. (1980) was generously provided by R. Gingery, USDA, ARS. The nomenclature of the isolates and their geographical origin are listed in Table 1 and illustrated in Fig. 1 .
Nucleic acid extractions and PCR. Lyophilized corn leaves were ground to a powder with a mortar and pestle in liquid nitrogen, and total nucleic acids were extracted by a modification of the direct phenol method, previously described (Kogel et al., 1996) . MRFV-specific cDNA products were synthesized by reverse transcription and amplified by PCR using the following conditions. Briefly, 5-10 µg of total nucleic acid was mixed with 1 µl of MRFV-10 primer (10 pmol\µl, 5h GCCCACAGGT-CTTATGGCCGACCTGCTACC 3h, complementary to a region in the 3hNTR of MRFV), 2n5 µl of 10iPCR buffer (100 mM Tris-HCl, pH 8n3, 500 mM KCl, 15 mM MgCl # , 0n01 %, w\v, gelatin ; Perkin-Elmer Cetus), 0n5 µl RNasin (20 u\µl, Promega) and 9n5 µl water. The mixture was incubated for 3 min at 97 mC to denature the sample RNA followed by incubation at 68 mC for 5 min for primer annealing. To the denatured RNA was added 2n5 µl of 10 mM dNTPs, 2n5 µl 15 mM MgCl # , 2n5 µl 100 mM DTT, 1 µl M-MLV RTase (200 u\µl, Gibco-BRL Life Technologies) and 1 µl water and the mixture was incubated at 37 mC for 1-2 hours for cDNA synthesis. PCR reactions contained 5 µl of the sample cDNA and 45 µl of reaction mixture (5 µl 10iPCR buffer, 1 µl of the MRFV-10 primer (10 pmol\µl), 1 µl primer MRFV-09 (5h CCTCTTCC-TGATCCTCCTCGTGTGCTGGAGACG 3h), 0n25 µl AmpliTaq DNA polymerase (5 u\µl, Perkin-Elmer Cetus), 33n75 µl water and 4 µl 1 mM dNTPs). Cycling parameters were 2 min at 94 mC, followed by 94 mC for 1 min, 60 mC for 1 min, 72 mC for 1 min, 35 cycles, with the final extension at 72 mC for 7 min in a DNA thermal cycler (Perkin-Elmer Cetus). The PCR products were analysed by gel electrophoresis to confirm their size and were cloned directly into the pCRII plasmid vector (Invitrogen).
Nucleotide sequencing and sequence comparisons. Nucleotide sequences of the MRFV fragment inserted in the recombinant plasmids were obtained manually using the Deaza Taq Track Sequencing Kit (Promega) or with an automated DNA sequencer (Applied Biosystems model 373A). Sequence data were analysed using Lasergene software by DNASTAR (Madison) for the Apple Macintosh. Sequence alignments were made using Clustal version 5. Cladistic analyses were performed on a Power Macintosh model 8100 with the computer program PAUP (phylogenetic analysis using parsimony) version 3.1 written by Swofford (1993) . Uninformative characters were excluded from the analysis and the phylogenetic trees were constructed by a branch and bound search.
Bootstrap analyses were performed to estimate the support for the inferred phylogenies (Felsenstein, 1987) . The nucleotide sequences for the isolates analysed in this study have been submitted to GenBank (see Table 1 for accession numbers). OBDV was used as the outgroup (Edwards et al., 1997 ; GenBank accession no. U87832).
Results
Oligonucleotide primers designed to amplify the coat protein gene of MRFV were selected based upon unpublished sequence data we had obtained from clones expressing proteins that reacted with MRFV antisera. RT-PCR products using MRFV-09 and MRFV-10 consisted of the expected 633 bp fragment. Single clones representing each isolate were selected for sequence comparisons between the isolates. Additional cDNA clones of some of the isolates were sequenced but only three to four nucleotide differences were found between clones from a single isolate (data not shown). The 633 bp amplified gene fragment encodes a portion of the coat protein (nt 3-533 ; 531 bp, 177 amino acids) and the 3hNTR (99 bp).
The nucleotide sequences, which include the primer binding sites, are shown in Fig. 2 . Pairwise sequence comparisons with the Guatemalan isolate did not identify areas with high sequence variability ; 53 % of the nucleotide changes are transitions. The nucleotide sequences near the amino-terminal region of the coat protein and the 3hNTR are the least variable. Fig. 3 . Phylogenetic tree constructed using the branch-and-bound method of parsimony analysis of the nucleotide sequences of the 14 MRFV isolates used in this study. For a complete description of the isolates see Table 1 and for sequence data see Fig. 2 . The tree was constructed using oat blue dwarf virus (OBDV ; GenBank accession no. U87832) as the outgroup. Branch lengths are proportional to the number of inferred character state transformations. Vertical branches are arbitrary. Bootstrap (confidence) values are shown below the line on the branches (100 replications, 50 % majority rule consensus tree). Numbers above the line indicate nucleotide differences between branch nodes. Confidence index l 0n648, retention index l 0n713, F most parsimonius trees l 6, tree length l 193.
Sequence similarity among the isolates ranged from 88-99 % (Table 2) .
To establish the roots of the MRFV tree, OBDV was used as the outgroup. Phylogenetic relationships were inferred and the resulting dendrogram shows that the 14 isolates fall into three clusters, with members of a cluster sharing 92-99 % sequence similarity (Fig. 3, Table 2 ). Group I contains isolates from Guatemala, Costa Rica, Venezuela, Mexico and the United States. Group II contains isolates from Bolivia and Peru. The third group contains the two isolates from Colombia. The separation of the Colombian isolates into a distinct cluster is supported by high bootstrap values.
Amino acid translations of the nucleotide sequences are shown in Fig. 4 . Of the 121 positions at which sequence heterogeneity was found in the capsid protein coding region (22 % of the gene), 60 % were changes in the third position of the codon and examination of the changes indicates that over 90 % of these changes do not result in changes in the amino acid. Even so, 25 % of the amino acid residue positions show some heterogeneity, with the amino terminus of the coat protein gene being the most conserved. One amino acid position in particular, the tyrosine (polar amino acid) at position 30 in the Group I northern isolates, is replaced by an alanine (hydrophobic amino acid) in the Groups II and III clusters of isolates (see arrow in Fig. 4 ). The phylogenetic tree constructed on the basis of the amino acid sequence and using OBDV coat protein as the outgroup is closely similar, but not identical, to that based upon the nucleotide sequence (data not shown). The branches separating the three groups shown in Fig. 3 are supported by the amino acid data ; however, there is insufficient data (only eight parsimony informative amino acid characters) to be certain of the relationships of the isolates within the groups.
Discussion
Nucleotide sequence analysis of the coat protein gene and 3hNTR of MRFV (" 10 % of the genome) provided genotypic groupings consistent with geographical isolation and earlier observations of the presence of distinct strains of MRFV in Colombia. One might speculate that the geographically distinct isolates may have been separated for some time to allow sequence divergence of up to 12 % between some isolates. On the other hand, isolates collected in the same location but several years apart (viz. Costa Rica A and B) are almost identical, suggesting that selective pressures are high to maintain nucleotide and amino acid conservation for biological function and adaptation to a particular geographical area.
The coat protein may play a critical role in virus packaging and stability, replication, and interactions with its insect vector and plant host. The amino acid change at position 30, resulting from the TA to GC transversions in the nucleotide sequence, results in the change of a polar tyrosine (Group I) to a hydrophobic alanine (Groups I and II) and may alter the physical properties of the virus. Although differences in symptoms of MRFV infection were observed in the maize samples collected for this study, no relatedness between nucleotide or amino acid sequence and disease severity can be demonstrated because the isolates were obtained from field infections where other pathogens are more than likely to be present (Kogel et al., 1996) . In addition, diverse genotypes of maize are planted in the different regions from which the samples were collected, and it is known that some maize genotypes are more susceptible to MRFV than others (Ga! mez, 1980) . The widespread occurrence of maize, MRFV and D. maidis suggests that they have adapted to many ecological zones (Ga! mez, 1983) . The presence of MRFV in specific habitats is dependent on the ability of D. maidis to survive those conditions and to migrate long distances, as far as several hundred kilometres, e.g. from the Peruvian Andes to the Mexican Central Highlands, and the southern United States (Taylor et al., 1993) . It is speculated that MRFV may have originated in the southern Mexican highlands, thought to be the centre of origin of maize. However, we do not as yet have sufficient data concerning the variability of strains within particular geographical regions to provide evidence for a geographical location for the origin of MRFV. Nevertheless, distinct lineages exist reflecting the geographical location of their isolation and form unique phylogenetic clusters.
The use of molecular techniques described in this report on a wider selection of samples collected in specific ecological zones will greatly extend our understanding of the epidemiology of MRFV and its ability, along with D. maidis and its maize host, to adapt to widely different ecological conditions. Important questions remain about the extent of biological diversity of the isolates, how the ecological zones and host-vector-virus relationships contribute to sequence diversity, the origin of MRFV, and how the virus has spread so widely yet maintains great sequence similarities.
